We perform a systematical study of possible molecular states composed of the S wave heavy light mesons, where the S − D mixing and η − η ′ mixing are explicitly included. Our calculation indicates that the observed X(3872) could be a loosely shallow molecular state composed of DD * + h.c, while neither Z c (3900)/Z c (4020) nor Z b (10610)/Z b (10650) is supported to be a molecule. Some observed possible molecular states are predicted, which could be searched for by further experimental measurements.
I. INTRODUCTION
In the past decade, a number of new hadron states, named XYZ particles, have been observed experimentally [1] . Among these newly observed states, some of them are close to the thresholds of a pair of hadrons, which indicates these kind of new states could be good candidates for hadronic molecular states. A typical example of the new hadron states, X(3872), was first observed by the Belle Collaboration in the π + π − J/ψ invariant mass of the B ± → KX(3972) → K(π + π − J/ψ) process in 2003 [2] . Later, this state was successfully confirmed by Belle itself [3] [4] [5] [6] and by the Babar [7] [8] [9] [10] [11] [12] [13] , CDF [14] [15] [16] [17] , D0 [18] , LHCb [19] [20] [21] [22] and BESIII [23] Collaborations in the π + π − π 0 J/ψ, D 0D0 π, D * 0D0 , γJ/ψ and γψ(2S ) processes. The J PC quantum numbers of the X(3872) have been confirmed as 1 ++ and the PDG average of the mass and width are 3871.69 ± 0.17 and < 1.2 MeV, respectively. The observed mass of the X(3872) is just sandwiched by the thresholds of the D * 0D0 and D * + D − . The absence of the charge partner of the X(3872) indicates that this state is an isospin singlet [24] .
A very similar charmonium-like state to the X(3872), the Z c (3900), was first reported by the BESIII and Belle Collaborations in the π ± J/ψ invariant mass spectrum of the e + e − → π + π − J/ψ at a center-of-mass energy of 4.260 GeV [25, 26] . Later, this state was confirmed at the same process but at √ s = 4.17 GeV by the CLEO Collaboration [27] . The open charm decay channel Z c (3900) → D * D was reported by the BESIII Collaboration in 2014 [28] . Recently, the neutral partner of the Z c (3900)
± has been observed in the π 0 J/ψ and (DD * ) 0 invariant mass spectra by the CLEO [27] and BESIII Collaborations [29, 30] . As an isospin triplet, the mass of the Z c (3900) is very close to the threshold of the DD * . As a partner of the Z c (3900), Z c (4020) is very close to the threshold of the D * D * , which was first observed in the π ± h c invariant mass spectrum by the BESIII Collaboration [31, 32] then confirmed in the D * D * invariant mass spectrum [33, 34] . In the bottom sector, Z b (10610) and Z b (10650) were first reported in the Υ(nS )π ± , {n = 1, 2, 3} and h b (mP)π ± {m = 1, 2} invariant mass spectra of the e + e − → Υ(nS )π + π − and e + e − → h b (mP)π + π − process at a center-of-mass energy of 10.860 GeV by the Belle Collaboration in 2011 [41, 42] . The open bottom channels of the Z b (10610) and Z b (10650) were observed by Belle in 2012 [43, 44] . The neutral partners of the Z b (10610) and Z b (10650) were observed in the hidden bottom channel in 2013 [45] . More recently, the signals of these two bottom-like states have also been discovered in the e + e − → h b (mP)π + π − at a center-of-mass energy of 11.020 GeV [46] . The observed masses of the Z b (10610) and Z b (10650) are very close to the thresholds of the B * B and B * B * , respectively, and could be considered as corresponding to the charmoniumlike states Z c (3900) and Z c (4020) in the bottom sector. As the bottom counterpart of the X(3872), it was proposed to search for the X b in the Υπ + π − process [47] , hidden bottom decay channels [48] and the radiative decay of the Υ(5S ) and Υ(6S ) [49] . The Belle Collaboration searched for the signal of the X b in the ωΥ(1S ) channel and found no evidence of the X b state [50] .
To date, four charmonium-like states, X(3872), Z c (3900), Z c (4020) and Y(4140), have been observed experimentally, and are near the thresholds of a pair of S wave charmed or charmed-strange mesons. In the bottom sector, two bottomonium-like states, Z b (10610) and Z b (10650), have been discovered which could be the bottom counterparts of the Z c (3900) and Z c (4020). In Table I , we summarize the thresholds of pairs of S -wave charmed/charmed-strange and bottom/bottom-strange mesons, and the corresponding near- 
threshold states are also presented. The experimental observations have stimulated theorists to great interest in the intrinsic nature of these near-threshold states. Different interpretations of these observed states have been proposed, such as conventional charmonium to the X(3872) and Y(4140) [51] [52] [53] [54] [55] [56] [57] [58] , tetraquark states [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] and special production mechanisms [70] [71] [72] [73] [74] [75] [76] . Since all the above-mentioned states are near-threshold states, the hadronic molecular interpretations of these states are particularly attractive. In the following, we present a short review of the molecular interpretations of the observed near-threshold states listed in Table I [78] [79] [80] . The estimation by the effective Lagrangian [81] , coupled channel [82] and QCD sum rule [83] also supported the X(3872) as a shallowD * D bound state. In the molecular framework the decay behaviors of the X(3872) have been extensively discussed. In Refs. [84] [85] [86] , the strong and radiative decays of the X(3872) were discussed in the D * 0D0 + h.c molecular scenario with the compositeness condition of the composite particle. The estimate in an effective Lagrangian approach in the molecular scenario were consistent with the corresponding experimental measurement [87] [65, 91] also supported that the Z c (3900) and Z c (4020) could be deuteron-like hadronic molecular states.
The decays of the Z c (3900) and Z c (4020) were estimated via the meson loops [92, 93] . The product and decay behaviors of Z c (3900) and Z c (4020) have been studied in D * D + h.c and D * D * hadronic molecular scenarios with the Weinberg compositeness condition in Refs. [94, 95] , and the theoretical estimations were consistent with the corresponding experimental measurements. Besides the observed channels, some other decay modes of Z c (3900) and Z c (4020) have been studied in the molecular scenario, such as the ρη c , J/ψπγ, γη c and γχ cJ [96] [97] [98] [99] [100] [112, 113] . Using QCD sum rules, the masses of the Z b (10610) and Z b (10650) could be reproduced in a molecular picture [91, 109, 114] .
In Ref [115] , the transitions to Υ(nS )π (n = 1, 2, 3) and h b (mP)π (m = 1, 2) were analysed in the molecular picture with compositeness condition. The observed processes of the Z b (10610) and Z b (10650) investigated in the effective Lagrangian approach also supported the molecular scenarios [116] [117] [118] [119] . The decays of the Z b (10610) and Z b (10650) have been evaluated via the intermediate meson loops model, where more decay channels were predicted [96] .
In Table I , there exist 10 thresholds of pairs of charmed or bottom mesons. As we discussed above, some near-threshold charmonium-like or bottomonium-like states have been observed experimentally, and have been intensively considered as S − wave hadornic molecular states. Theoretically, it is very interesting and urgent to systematically consider the possibility of hadronic molecular states composed of other combinations of charmed or bottom meson pairs [80] . Moreover, investigations of the deuteron indicated that the D-wave component of the wave function is crucial in understanding its static properties [120, 121] . Thus, in the present work, we further include the S −D mixing in the wave functions of the hadronic molecule composed of a heavy-light meson pairs. By this systematic study, we can identify whether the observed near threshold states, i.e., X(3872), Z c (3900), Z c (4020), Y(4140), Z b (10610) and Z b (10650), could be hadronic molecular states and in addition, we can predict more near-threshold molecular states, which could be accessed by further experimental measurements.
This work is organized as follows. After this Introduction, we present the wave functions of the possible molecular state and the effective potentials of the heavy-light meson pair in Section II. The numerical results and discussion are given in Section III and Section IV is devoted to a summary.
II. WAVE FUNCTIONS AND EFFECTIVE POTENTIALS
In the heavy quark effective theory, the two S -wave heavylight mesons degenerate into a H = {P, P * } doublet, in which the P and P * indicate D (s) and D * (s) in the charm sector and B (s) and B * (s) in the bottom sector. The molecular state composed of HH can be decomposed into three types, which are P − P, P−P * and P * −P * , respectively. In the following, we construct the wave functions and calculate the potentials of these three types.
A. Wave function of the molecular states
For a molecular state composed of two mesons, the total wave function is
where the | φ(r) r , |L J and |I, I 3 denote the radial, spin-orbital and flavor functions, respectively. As for the radial and the spin-orbital wave function, there exists S − D mixing in the P − P * and P * − P * types of hadronic molecular states, which will be considered explicitly in the present work. For the S − wave dominant P − P * type molecule, both the spin and total angular momentum are one, while the orbital momentum could be zero and two when considering the S − D mixing. The corresponding spin-orbital wave functions are 
The general decomposition of the spin-orbital wave function
where
are Clebsch-Gordan coefficients, Y Lm L is the spherical harmonics functions and ǫ m n is the polarization vector for the vector meson.
As for the P * −P * type molecular states, the considered total angular momentum could be 0, 1 or 2, and the corresponding spin-orbital wave function could be
respectively. The decomposed form of the above wave function is
Here, we adopt the same convention for the naming of possible molecular states as used in Ref. [80] . For the P − P type molecular states, we use Φ and Ω to indicate the possible molecular state in the charm and bottom sectors, respectively. The detailed formulas of the flavor wave functions can be found in Table II . In the same way, the flavor functions of the P * − P * type molecular states can be constructed with Φ * *
and Ω * * as the name of the states in the charm and bottom sectors, respectively. The Φ * and Ω * denote P − P * type systems for the charm and bottom sectors, respectively. The detailed formulas of the flavor wave functions of P * − P type molecular states are listed in Table III . Here the parameter c = +1 and c = −1 correspond to the charge parity being negative and positive, respectively. Here we add a hat over the Φ * and Ω * to indicate the negative charge parity states.
B. Potential of the P ( * ) − P ( * ) system
The potential of the P ( * ) − P ( * ) system can be estimated from the amplitude of the P ( * ) P ( * ) → P ( * ) P ( * ) process. Here, we adopt the one-boson-exchange model, where the interaction can be realized by exchanging a light boson as shown in Fig. 1 . The interactions of the heavy-light mesons and light mesons are described by the effective Lagrangian, which are constructed in heavy quark limit and chiral symmetry. The concrete Lagrangians are [122] [123] [124] [125] [126] [127] ,
where g s = g π /(2 √ 6), g π = 3.73, f π = 132 MeV, β = 0.59, g V = 5.8 and λ = 0.56 GeV −1 , respectively [122, 128, 129] . The gauge coupling g = 0.59 is estimated from the experimental width of D * + with the assumption that the D * + dominantly decays into Dπ [128] . The light pseudoscalar and vector meson matrices in the above effective Lagrangians are defined as
where the parameters α, β, γ and δ can be related to the mixing angle θ by
and in the present calculations, we use θ = −19.1 • [130, 131] . With the above preparations, we can get the elastic scattering amplitudes corresponding to the diagrams in Fig. 1 . In general, the scattering amplitude iM(J, J z ) can be related to the interaction potential in momentum space in terms of the Breit approximation by [78, 89, 90] 
Here, all the involved particles are mesons, so to depict the inner structure effect of the mesons, a monopole type form factor is introduced, which is [132] [133] [134] [135] 
where q is the four-momentum of the exchanged meson. Λ is a model parameter, which should be of order 1 GeV. The effective potential in coordinate space is the Fourier transformation of that in momentum space, and is
In the following, we take the charm sector as an example to show the potentials of the P − P, P * − P and P * − P * systems one by one.
P − P type
As shown in Fig. 1(a) , the interactions between P − P can be realized by exchanging a σ meson or a vector meson. The corresponding potentials are
respectively, and the the concrete form of the Y (Λ, m, r) is 
respectively.
P * − P type
For the P * − P system, there exist two kind of diagrams, the direct diagram and cross diagram, which are presented in Figs. 1(b) and 1(c) , respectively. For the direct diagrams, the exchanged mesons are σ and vector mesons, and the corresponding potentials are,
respectively. For the cross diagram, the exchanged light mesons are pseudoscalar and vector mesons. The potentials are
respectively, where Λ 0 = √ Λ 2 − ∆ 2 , m 0 = |∆ 2 − m| with ∆ and m being the mass difference of the P * and P and the mass of the exchanged meson, respectively.
Here one should notice that the mass splitting of the D and D * meson could be larger than the mass of the π, thus the exchanged pion meson could be on shell, thus the Y function for the pion exchange is different from other pseudoscalar or vector meson exchange processes, and the Y function for the π exchange process is,
The concrete potentials for the Φ * s , Φ * , Φ * 0
respectively. In the above potential, notice that there exist two factors related to ǫ i , which is the polarization vector of the involved vector mesons. In the subspace formed by | 3 S 1 and | 3 D 1 , the factor ε 1 ε † 3 and S ( r, ε 1 , ε † 3 ) can be expressed in matrix form as
P * -P * type
For the P * − P * system, the exchanged mesons can be σ, pseudoscalar and vector mesons as shown in Fig. 1(d) . The corresponding potentials are
respectively. The total potentials of the Φ * * s , Φ * * s1 , Φ * * and Φ 0 * * 8 systems are
respectively. The factor related to the polarization vectors of the involved vector mesons can be expressed in matrix form as
, respectively. The matrix forms of the kinetic terms for P−P, P * −P/P * − P * (J = 0), P * − P * (J = 1),P * − P * (J = 2) are
respectively. Here, △ = (17)- (25) and the above kinetic terms, one can get bound energies and wave functions if there exist bound states by solving the corresponding Schrödinger equation. In the present work, we rely on complex scaling methods to perform the calculations, in which the wave function of the bound state is expanded by the harmonic oscillator wave functions [136] [137] [138] [139] [140] [141] .
III. NUMERICAL RESULTS AND DISCUSSION
In the OBE model, one additional cutoff Λ is introduced in the form factor, which compensates the off-shell effect of the changed light mesons. The value of the Λ should be of order 1 GeV and in the present work, we search the bound state solutions of different systems with Λ less than 3 GeV, which is a reasonable cutoff for light meson exchange processes. In the following, we will present the numerical results of the three types of system separately. 
√ * TABLE V: Summary of possible bound states for P − P type. Here, we also compare our results with the estimations from the chiral and extended chiral S U(3) quark model [142] . The symbols √ , ⊗ and ? indicate that this bound state must, must not or maybe exists, respectively. The symbol * means this bound state does not exist in the chiral S U(3) quark model while it is possible or not excluded in the extended chiral S U(3) quark model.
A. P − P type
In the P − P type system, we have not observed any near threshold states which may correspond to a P − P type molecular state. However, in the present calculations, we find one bound state solution in the charm sector, the Φ 0 8 state with I(J PC ) = 0(0 ++ ). As shown in Table IV , when the cutoff increases from 1.5 GeV to 1.7 GeV, the binding energy varies from less than 1 MeV to nearly 10 MeV, which corresponds to the mass of the Φ 0 8 decreasing from 3738 MeV to 3729 MeV. In addition, in this cutoff range, the root-mean-square (RMS) radius of the system decrease from 2.27 fm to 1.36 fm, which indicates the DD could form a very loosely shallow bound state by the σ and vector meson exchange.
In the bottom sector, we find two bound state solutions, Ω In the P − P system, the total spin is zero, thus there is no S − D mixing in such a system. Our present results are consistent with those in Ref. [80] , in which molecular states Φ and Ω ±(0) was found. We summarize the possible bound states of the P − P system in Table V and compare with estimations in the chiral and extended chiral S U(3) quark model [142] . From the table, the present calculations in the OBE potential model are almost in line with the estimations in the chiral and extended chiral S U(3) quark model [142] . However, our calculation can exclude the possibilities of Φ 0 s1 and Ω 0± as molecular states, while the calculation in Ref. [142] could not fully exclude such possibilities. 
? For the P − P * type system, both the spin and total angular momentum are 1 if only the S wave dominant state is considered. In the present work, S − D mixing is considered. The binding energies and RMS radii of the bound state solutions depending on the cutoff Λ are presented in Table VI. In the charm sector, we get four bound state solutions, Φ In this case, the RMS radius of the X(3872) could reach up to 2 fm. Thus, the estimation in the present work indicates that the observed X(3872) is a very loosely shallow bound state of the DD * + h.c, which is the same as the conclusion in Ref. [90] , qualitatively. However, the binding energy of the Φ 0 * 8 is smaller than the one in Ref. [90] with the same cutoff, due to proper consideration of the η − η ′ mixing in the present work. In addition, in the present work, the mass splittings of the charged and neutral charmed mesons are not taken into consideration. In Ref. [143] , both the mass splittings of the charmed mesons and the S − D mixing were considered, and the mass and decays of the X(3872) were well reproduced. We find the mass splittings of the neutral and charged mesons strongly affect the decays of the X(3872), while the mass could be well explained both with and without considering such mass splittings with a reasonable cutoff.
In addition, the partner of the X(3872) with negative C parity is also predicted in our present calculations. As the strange partner of the X(3872), the state Φ 0 * s1 system has bound state solutions when we take a relative large cutoff, which is about 3 GeV. For the negative C parity system,Φ 0 * s1 , we can also find the bound state solution when Λ is larger than 2.3 GeV. As listed in Table I , Z c (3900) is also very close to the threshold of the DD * with I(J P ) = 1(1 + ). In the present calculation, however, we do not find the bound state of the DD * + h.c with In the bottom sector, there also exist four bound states in our calculations, Ω s1 . Compared to the charm correspondence of these states, we find that cutoffs in the bottom sector are smaller than those in the charm sector and in addition, the RMS radii of these states are smaller than their correspondences in the charm sector with the same binding energy. The corresponding state of the Z b (10610) could not be found in our present calculations, which is the same case as the Z c (3900). In Ref. [90] , the estimation in the OBE potential model indicated that the Z b (10610) could be a molecular state of BB * , which is different from our present calculation. The main reason for such a difference is that η − η ′ mixing is considered in the present work, which increases repulsive interaction for the isospin triplet. In addition, the authors in Ref. [145] indicated that the Z b (10610) could be a B * B +h.c molecular state, which is different from our present calculation. In Ref. [145] , the authors considered B * B − B * B * mixing but only included the potentials induced by π, ρ and ω exchange, which may be the reason for the different conclusions drawn from our present calculation.
In Table VII , we summarize our calculation for the P − P * system and compare with the chiral and extended chiral S U(3) quark model [142] . Our estimations in the OBE quark model are consistent with those in Ref. [142] except for theΦ * 0 . In this work, we find a bound state solution forΩ * 0 , while in Ref. [142] , their calculation indicated that such a state may exist.
For the system composed of two red heavy S −wave vector mesons, the total angular momentum of the system could be 0, 1, and 2 for the S −wave interaction. The binding energies and RMS radii of the possible bound states depending on the cutoff are presented in Table VIII . From our calculations, we can find the bound states of Φ ′ mixing into consideration, we do not find the bound state corresponding to the observed Z c (4020). The calculation in Ref. [90] also indicated that there is no bound state for isovector states with J = 0, 1, 2, and only isoscalar bound states could be found. Our present calculations are consistent with those in Ref. [90] , qualitatively, but the binding energies of the obtained molecular states in the present work are a little bigger than the corresponding ones with the same cutoff due to η − η ′ mixing [90] . In the bottom sector, we also find two group bound states with different total angular momenta, the Ω 0 * * 8 and Ω 0 * * s1 . Similar to the charm sector, our calculations also do not support the molecular interpretations of the Z b (10650). Similar to the case of Z b (10610), the estimation in Ref. [90] indicated that Z b (10650) could be a bound state composed of B * B * , while in the present work, we cannot find a bound state solution for this system due to the consideration of the η − η ′ mixing. A summary for the possible P * − P * molecular state and the comparison with the estimation in the chiral and extended chiral quark model are presented in Table IX . The present calculations indicate there exist isoscalar bound states of the D * D * and B * B * with J = 0, 1 and 2, while the estimations in Ref. [142] could only confirm the molecular state with J = 2 for D * D * system and J = 1 and 2 for the B * B * system.
IV. SUMMARY
We have performed a systematic study of the possible molecular states composed of S wave heavy-light mesons, where S − D mixing and η − η ′ mixing are taken into consideration. From the present calculations and the comparison with the experimental observation, we can conclude:
1 and Ω 0 s1 , are predicted. In the P − P * system, besides the X(3872) and its bottom counterpart, we also predict six new molecular states.
To summarize, in the present work, we have systematically studied the molecular states composed of the S wave heavylight mesons, where the S − D mixing and η − η ′ mixing are explicitly considered. In the present calculation, the observed X(3872) could be interpreted as a loosely shallow DD * + h.c molecular state, while Z c (3900)/Z c (4020) and Z b (10610) and Z b (10650) cannot be molecular states. We have also predicted some new molecular states, which could be searched for in forthcoming experimental measurements.
